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1. Introduction 
Fluid-structure interaction (FSI) plays a very important role in many industrial 
applications as diverse as aerospace, automotive, biomedical, civil and nuclear 
engineering. In the coupling between fluid and structure, the deforming structure 
modifies the boundary conditions for the fluid due to the motion of the fluid boundary. 
At the same time, the fluid flow causes varying loading conditions on the structure. 
Though efficient solvers for both the fluid and the structural dynamics exist, the 
development of tools for modelling various fluid-structure interaction problems remains a 
challenge. In order to describe FSI problems, an exchange of data has to take place 
between the fluid and structural fields. Based on this data exchanged, the methods for 
solving fluid-structure interaction problems can be divided into monolithic and 
partitioned couplings. For example, we can mention the researcher of Bobovnika et al. 
(2005). In this paper, the authors are interested to couple a finite-volume model to a finite-
element model of the straight-tube Coriolis flowmeter. Michler et al. (2004) have 
developed a monolithic approach to fluid-structure interaction. Piperno and Farhat (2001) 
are interested to partitioned procedures for the transient solution of coupled aeroelastic 
problems. Sternel et al. (2008) are developed an efficiency and accuracy of fluid-structure 
interaction simulations using an implicit partitioned approach. Van Brummelen et al. 
(2003) are studied the energy conservation under incompatibility for fluid-structure 
interaction problems. The monolithic coupling consists of solving both parts of fluid and 
structure in the same system of equations. The choice of time step is only limited by the 
required precision. However, this type of algorithm requires a development of a computer 
code. Moreover, the numerical methods employed for the fluid and the structure domains 
are different and are difficult to place within the same code, hence the utility of the 
partitioned algorithm methodology. In this method, the fluid and structural parts are 
resolved separately. This method has been introduced by Park and Felippa (1983), and 
further investigated by Wood (1990). Problems dealing with FSI involve the coupling of 
Computational Fluid Dynamics (CFD) and Computational Structure Dynamics (CSD) 
codes. Various numerical simulations study the fluid behaviour, when the movement of 
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the structure is prescribed analytically (Ralph and Pedley, 1985; Natarajan and 
Mokhtarzadeh-Dehghan, 2000). Other researchers concentrated on the fluid part, while a 
simple structural model for a rigid body was used (Cossu and Morino, 2000). Further 
simplifications have been done by neglecting the dynamic effects and simulating static 
FSI. For example, Beckert et al. (2000) used a multivariate interpolation scheme for 
coupling fluid and structural models in three dimensional spaces. They applied it to static 
aeroelastic problems, in order to predict the equilibrium of elastic wing models in 
transonic fluid flow. The main advantage of the partitioned approach is that it allows 
already developing efficient and well validated solvers for both the fluid and structure 
subtasks to be combined. Some theoretical and numerical studies of partitioned coupling 
algorithms for one and two dimensional problems can be found (Cebral et al., 1995). 
Commercial codes for combining existing solvers have been developed. Seiber (2002) 
developed an efficient coupling algorithm combining FASTEST-3D code and FEAP code 
for solving various fluid-structure interaction problems in three-dimensional domains for 
arbitrary elastic structures. Glück et al. (2003) applied a partitioned coupling between the 
CFD code (FASTEST-3D) and the CSD code (ASE) to thin shells and membranous 
structures with large displacements. The latter method have been modified and coupled 
by MpCCI. Bucchignani et al. (2004) presented a numerical code to study the problem of 
an incompressible flow in a stirred vessel. It was based on a method of a partition 
treatment type, with the fluid and structural fields resolved by coupling two distinct 
models. Wang (2008) provided an effective new idea to solve aeroelasticity problems, in 
which the tools Fluent and ABAQUS/ANSYS are employed.  
In this chapter, a computational analysis of the fluid-structure interaction in a stirred vessel 
equipped with a radial turbine is presented. The hydrodynamic behavior of the turbine was 
studied previously (Nagata, 1975; Suzukwa et al., 2006). However, they did not take into 
account the effect of the structural deformations. For this reason, we are interested to study 
the turbulent flow in a stirred vessel as well as the mechanical deformation of the structure. 
In a stirred vessel, the fluid can have a significant effect on the deformation of the blades 
during mixing depending on the turbine speed and the fluid flow. So, a coupling algorithm 
has been developed to predict the equilibrium of the elastic blade of the radial turbine in a 
turbulent flow.  
2. FSI method 
The FSI problems involve the coupling between the CFD and the CSD codes. This coupling 
is used in the partitioned method (Bobovnika et al., 2005 ; Driss et al., 2007 ; Sternel et al., 
2008) when the fluid and structural parts are resolved separately. The coupling interface 
allows the exchange of the pressures at interface, when the mesh in each fluid and structure 
field is different and is difficult to place within the same code, hence the utility of the 
partitioned algorithm methodology. The coupling interface organizes the transfer of 
information and makes an effective coupling between the fluid and the structure fields. At 
the fluid-structure interface, the results from the CFD code are applied as a load to the CSD 
code. The displacements are calculated using the CSD code to characterize the turbine blade 
deformation. To predict numerically the FSI characteristics of the radial turbine, we have 
developed a numerical method to simulate the flow depending of the structure 
displacements. This method involves three modules: the pre-processor, the processor and 
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the post-processor. Data is interchanged between these three modules. The implementation 
of the computational simulation requires many hypotheses such as the geometrical concept, 
the choice of the meshing type, the physical models, the boundary conditions and the 
discretization method (Driss et al., 2010). 
 
 
 
 
 
 
 
 
 
Fig. 1. Schematic presentation of the FSI method 
2.1 Pre-processor 
The pre-processor serves as a source of input for the CFD or CSD codes by means of an 
operator interface. This is transformed into a suitable form for the processor. The user 
activities at the pre-processing stage involve definition of the geometry, mesh generation 
and specification of the appropriate boundary conditions. The computational model 
requires that the volume occupied by the fluid inside the vessel is described by a 
computational grid or cells. In these cells, variables are computed and stored. The 
computational grid must fit the contours of the vessel and its internals, even if the 
components are geometrically complex. In our CFD applications, a new meshing method is 
developed to study the impellers turbines with complex geometries. This method permits 
the numerical analyses of turbines with simple and complex geometries (Driss et al., 2005, 
2007, 2010). In this method, the computer aided design (CAD) is used at first to construct the 
turbine shape. After that, a list of nodes is defined to belong to the interface separating the 
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solid domain from the fluid domain passing through the computational structure dynamics 
(CSD) code. Using this list, the mesh in the flow domain is automatically generated for the 
three-dimensional simulations. After that, a staggered mesh is used in such a way that four 
different control volumes are defined for a given node point, one for each of the three vector 
components and one for the scalar variable. Therefore, the region to be modeled is 
subdivided into a number of control volumes defined on a cylindrical coordinates system. 
As application to this method, we are interested to study a stirred tank equipped by a radial 
turbine (Fig. 2). The tank is a vertical cylindrical vessel with a height-to-diameter ratio H/D 
of 1. The shaft is placed concentrically with a diameter ratio s/D of 0.04. The tip to tip 
impeller diameter ratio d/D is a 0.5. The turbine has four blades characterised by the length 
equal to d/2 and the height equal to h. The turbine is placed in a mid-height tank (z=0.5 H). 
The geometry system resembles that already studied by Suzukawa et al. (2006) and Nagata 
(1975). For the numerical computations, the Young’s modulus and the Poisson’s ratio are 
equal to E=2.1 1011 MPa and ǎ=0.3 respectively. In the following investigations, the fluid is 
assumed to be incompressible and Newtonian. The structure is assumed to be isotropic 
linear and elastic material law is applied. 
 
 
 
 
 
 
 
Fig. 2. Stirred tank equipped with a radial turbine 
2.2 Processor 
In the processor, the coupling interface is used to allow the transfer of the pressure and the 
displacement between the CFD and the CSD codes. The pressure provided by the CFD code 
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s
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is used to calculate the forces applied to the structure. The displacements of the structure are 
used to update the control volume and the boundary conditions. 
2.2.1 CFD code 
The CFD code resolves the incompressible Navier-Stokes equations in conjunction with the 
standard k-ε turbulence model. The continuity equation is written as follows: 
 0fdiv V 

 (1) 
The momentum equation is given in the following form: 
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 (2) 
The standard k-ε turbulence equations are given in the following form: 
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The turbulent kinetic energy production takes the following form: 
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The k-ε model is based on the concept of turbulent viscosity where k and ε are calculated by 
solving the equation above. The value of the turbulent viscosity is deduced from the 
following equation: 
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d

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      (6) 
Numerical methods consist on an approximation of the unknown flow variables by means 
of simple functions and a discretisation by substitution of the approximation into the 
governing flow equations and subsequent mathematical manipulations (Figure 3). The 
finite volume method consists on the formal integration of the governing equations of 
fluid flow over all the control volumes of the solution domain. The transport equations 
are integrated over its own control volume using the hybrid scheme discretization 
method. The pressure-velocity coupling is handled by the SIMPLE algorithm of Patankar 
(1980). The algebraic equations solutions are obtained in reference to the fundamental 
paper published by Douglas and Gunn (1964). The control volume integration, 
distinguishes the finite volume method from all other computers techniques. The 
resulting statements express the conservation of relevant properties for each finite size 
cell.  
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Fig. 3. Schematic presentation of the CFD code 
2.2.2 CSD code 
The CSD code allows the static calculation of the structure and solves the partial differential 
equations of the structure model. In this study, elastic isotropic structures were considered. 
The continuity equation and the balance of the momentum equation are given in the 
following form:  
   0s s sD div V
Dt
    (7) 
 ss ex
DVρ div f
Dt
 
  
 (8) 
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To achieve this goal, the CSD code must read the input file already created. After that, the 
implementation edition can be preceded. At this stage, the new parameters of our application 
are introduced. Particularly, the analysis type, the mesh shape, the boundary conditions and 
the result field of the problem are redefined. After the program execution, different results can 
be visualized like the nodes displacement, the strain and the Von Mises stress (Fig. 4).  
 
 
Fig. 4. Schematic presentation of the CSD code 
2.2.3 Coupling algorithm 
In this chapter, we have used a partitioned coupling algorithm between the fluid and structure 
solver. The fluid-structure interface represents the contact mechanics problem between an 
elastic structure and the fluid flow. This requires the characterization of boundary conditions 
exchanged and describe the interaction between the fluid and the structure. Two conditions on 
the level of the interface are used. These conditions are given in the following form: 
 s fV n V n
  
 (9) 
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 n n    (10) 
With: 
 f sn n n       (11) 
In the case of no-slip walls, the compatibility condition for partitioned coupling states that 
the velocity at the fluid-structure interface must be shared by both the fluid and the 
structure at the interface. The coupling interface ensures the transfer of the pressure and 
displacement mentioned above, when the mesh in each fluid and structure codes is 
different. It organizes the transfer of information in time and makes an effective coupling 
between the fluid and structure codes. Forces equilibrium must also exist at the interface. 
The force applied by the fluid to the structure and vice versa should be of the same 
magnitude but in opposing directions. The structural and fluid equations are solved 
independently. Loads and boundary conditions are exchanged after each converged 
increment. The quantities exchanged from the CFD and the CSD codes are respectively 
the pressure and displacement modes. Then, the coupling algorithm is employed in which 
the CFD and CSD solvers run concurrently and exchange solution quantities at the end of 
each converged time step. The advantage here is that in order to solve the basic equations, 
different numerical solution schemes and analysis software can be applied. The coupling 
algorithm is based on the sequential process (Fig. 5). In each iteration step, the pressure, 
calculated in CFD code, is used to determine the force exerted by fluid flow. The 
geometry is then updated after the calculation of the structural displacement by the CSD 
code. Therefore, the role of the coupling algorithm is to exchange nearly any kind of data 
between the coupled codes. The iteration steps are stopped when the convergence is 
reached.  
 
 
Fig. 5. Coupling algorithm 
2.3 Post-processor 
The post-processor defines the third module presenting the results obtained after the 
execution of the numerical codes. A huge resource has been devoted to the development post-
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processing techniques and display. These include geometry domain, grid display, vector plots, 
surface plots and view manipulation. Several results can be gotten such as the velocity field, 
the viscous dissipation rate and the turbulence characteristics. Also, it’s possible to exchange 
data through the post-processor with other codes or other interfaces [4]. 
 
 
 
 
Fig. 6. Schematic presentation of the post-processor 
3. Fluid-structure results 
3.1 CFD code results 
The hydrodynamic results are obtained after execution of our CFD code. Particulary, we are 
interested to the velocity fields, the turbulent kinetic energy, the dissipation rate of the 
turbulent kinetic energy and the turbulent viscosity. In these conditions, the flow simulation 
are defined by the Reynolds number Re=100000 and the Froude number Fr=0.19. 
3.1.1 Flow patterns 
Figures 7 and 8 show the velocity vector plot (U,W) in two r-z planes defined respectively 
by the angular coordinate equal to θ=35° and θ=57°. These presentation planes are situated 
respectively in the upstream and in the downstream of the blade plane. The distribution of 
the velocity field shows the presence of a radial jet on the level of the turbine which changes 
against the walls of the tank with two axial flows thus forming two recirculation zones on 
the two sides of the turbine. Far from the region swept by the turbine, we note a 
deceleration of the flow. Even if the turbine attains a shape deformation due to the flexion of 
the blade, the velocity field slightly differs from iteration to another. In fact, during the first 
three iterations the hydrodynamic structure of the flow varies from iteration to another. 
From the fourth iteration, the field velocity starts to be preserved and the turbine preserves 
his deformed shape.  
www.intechopen.com
 Applied Computational Fluid Dynamics 
 
210 
 
(a) Flat blade (b) 1st iteration (c) 2nd iteration 
 
 
(d) 3rd iteration (e) 4th iteration (f) 5th iteration 
 
 
Fig. 7. Flow patterns induced in r-z plane (θ=33°) 
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(a) Flat blade (b) 1st iteration (c) 2nd iteration 
 
   
(d) 3rd iteration (e) 4th iteration (f) 5th iteration 
 
 
 
Fig. 8. Flow patterns induced in r-z plane (θ=57°) 
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3.1.2 Axial profile of the radial velocity 
Figure 9 presents the axial profiles of the dimensionless radial velocity component U(z). 
These profiles are defined in the flat-blade downstream. Under the case, the dimensionless 
radial coordinates are equal to r=0.33 (Figure 9.a), r=0.5 (Figure 9.b) and r=0.75 (Figure 9.c). 
These figures adequately portray the swirling radial jet character. Within a flat blade, the 
axial profile shows a parabolic pace. The extremer is defined at the mid-height of the blade. 
The same fact is observed within a retreated blade in the 5th iteration. But, the radial velocity 
component value decreases. These results are also confirmed in the research paper results 
published by Driss et al. (2005). In this case, we superimposed the experimental results 
founded within a flat blade by Nagata (1975). The good agreement between the 
experimental results and the numerical results confirms the validity of the analysis method. 
 
 
 
 Flat blade (Numerical Model) 
 Retreated blade (5th iteration) 
 Flat blade [Nagata, 1975] 
             z 
 
Radial velocity component U 
             z 
 
Radial velocity component U 
            z 
 
Radial velocity component U 
(a) Radial position r=0.33 (b) Radial position r=0.5 (c) Radial position r=0.66 
 
Fig. 9. Axial profiles of the radial velocity component 
3.1.3 Turbulent kinetic energy 
Figure 10 presents the distribution of the turbulent kinetic energy in r-z plane defined by the 
angular coordinate equal to θ=35°. The presentation plane is situated in the upstream of the 
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blade plane. During five iterations of the coupling algorithm, it’s noted that the area of the 
maximum values are located in the wake which develops an upstream of blades. In all fields 
swept by the turbine blades, the turbulent kinetic energy remains rather high. Out of this 
field, the turbulent kinetic energy becomes very weak. The comparison of these results 
confirms that the maximum values are reached during the second iteration. 
 
 
 
 
   
(a) Flat blade (b) 1st iteration (c) 2nd iteration 
 
   
(d) 3rd iteration (e) 4th iteration (f) 5th iteration 
 
Fig. 10. Distribution of the turbulent kinetic energy k in r-z plane (θ=35°) 
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3.1.4 Dissipation rate of the turbulent kinetic energy  
Figure 11 presents the evolution of the distribution of dissipation rate in r-z plane defined 
by the angular coordinate equal to θ=35° during iterations of the coupling algorithm. 
Globally, we observe a distribution similar to that already obtained with the turbulent 
kinetic energy. Indeed, it is noted that the area of the maximum values are located in the 
wake which develops nearly to the blades end. However, the dissipation rate becomes very 
weak outside the field swept by the blades. The greatest rate is reached in the fourth and the 
fifth iterations (Fig. 11-d and 11-e). 
 
   
(a) Flat blade (b) 1st iteration (c) 2nd iteration 
 
   
(d) 3rd iteration (e) 4th iteration (f) 5th iteration 
 
Fig. 11. Distribution of dissipation rate  in r-z plane (θ=35°) 
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3.1.5 Turbulent viscosity  
Figure 12 presents the evolution of the turbulent viscosity distribution in r-z plane defined 
by the angular coordinate equal to θ=35° during iterations of the coupling algorithm. In the 
field swept by the turbine blades, the turbulent viscosity remains rather high. Near the walls 
and around the axis of the turbine, the turbulent viscosity undergoes a very fast fall. This is 
due to the deceleration of the flow. The comparison of these results confirms that the 
maximum value is reached in the second iteration (Fig. 12-c). 
 
 
 
   
(a) Flat blade (b) 1st iteration (c) 2nd iteration 
 
 
  
(d) 3rd iteration (e) 4th iteration (f) 5th iteration 
 
Fig. 12. Distribution of the turbulent viscosity in r-z plane (θ=35°) 
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3.2 CSD code results 
In this part, we are interested to the radial turbine structure in order to determine the 
displacement field, the deformed turbine shape and the Von Mises Stress. These results are 
conducted from the CSD code. The discretization of the domain is ensured by a finite 
elements method. 
3.2.1 Displacement field 
Figure 13 presents the evolution of the displacement field of the blades during various 
iterations of our coupling algorithm. Particularly, we are interested to the displacement of 
the nodes belonging to the blade. This step is fundamental in the coupling algorithm process 
to can deduce the new meshing domain. This operation is repeated several times until 
obtaining the equilibrium. Under these conditions, it is supposed that the deformation of the 
turbine axis due to torsion is negligible. 
 
 
   
(a) 1st iteration (b) 2nd iteration (c) 3rd iteration 
 
   
(d) 4th iteration (e) 5th iteration (f) 6th iteration 
 
Fig. 13. Displacement field of the radial turbine 
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3.2.2 Deformed turbine shape 
Figure 14 presents the evolution of the deformed turbine shape during iterations of the 
coupling algorithm. These results are obtained after the execution of the CSD code. The 
comparison between the results from iteration to another, it’s noted that the maximum value 
is reached in the third iteration (Fig. 14-c). In this case, the retreated angle, defined between 
the tangent plane at the end of the blade and the radial plane passing by the same end and 
the axis of rotation to the turbine (Driss et al., 2007), is equal to Ǐ=16° 40’’. 
 
 
 
 
 
 
   
(a) 1st iteration: Ǐ=0° (b) 2nd iteration: Ǐ=11° 12’’ (c) 3rd iteration: Ǐ=16° 40’’ 
 
   
(d) 4th iteration: Ǐ=5° 11’’ (e) 5th iteration: Ǐ=5° 6’’ (f) 6th iteration: Ǐ=4° 37’’ 
 
 
Fig. 14. Deformed shape of the radial turbine 
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3.2.3 Von Mises stress 
Figure 15 presents the distribution of the Von Mises stress during iterations of the coupling 
algorithm. These results are obtained after the execution of the CSD code. The comparison 
of the results from iteration to another, it’s noted that the maximum value is reached in the 
second iteration (Fig. 15-b). 
 
 
 
 
 
   
(a) 1st iteration (b) 2nd iteration (c) 3rd iteration 
 
   
(d) 4th iteration (e) 5th iteration (f) 6th iteration 
 
 
Fig. 15. Distribution of the Von Mises stress 
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4. Conclusion 
In this chapter, we have coupled a computational fluid dynamics (CFD) code with a 
computational structural dynamics (CSD) code by using an efficient coupling interface for 
solving fluid-structure interaction (FSI) problems in the stirred tank equipped by a radial 
turbine. Specific techniques of rearrangement of grid and treatment of the boundary 
conditions are used to follow the behavior of the system. This method takes advantage of 
the parallel process involved within each analysis code. This allows both parts of the fluid-
structure interaction problem to be solved in the best possible way: a Finite Volume Method 
for the fluid dynamics and a finite element method for the structure. The CFD results 
obtained allow a visualizing of the velocity field, the turbulent kinetic energy, the 
dissipation rate of the turbulent kinetic energy, the turbulent viscosity. The CSD results 
permit to obtain the displacement field, the deformed shape and the Von Mises stress. These 
results proof that the fluid flow can have a significant effect on the deformation of the 
turbine blades. So, we can conclude that it’s fundamental to take consideration of this 
phenomenon in the design of the industrial process. In the future, we propose to develop 
the numerical method to can study instationary FSI problem. 
5. Nomenclature 
1C   constant in the standard k-ε model 
2C   constant in the standard k-ε model 
C  constant in the standard k-ε model 
d turbine diameter, m 
D tank diameter, m 
E Young’s modulus, MPa 
Fr Froude number 
G turbulent kinetic energy production 
h blade height, m 
k turbulent kinetic energy 
N velocity of the turbine, s-1 
p pressure 
r radial position 
Re Reynods number 
s shaft diameter, m 
t time 
U radial velocity components, dimensionless 
V tangential velocity components, dimensionless 
W axial velocity components, dimensionless 
z  axial position 
ε dissipation rate of the turbulent kinetic energy 
  density 
t  turbulent viscosity, dimensionless 
ǎ Poisson’s ratio 
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k  constant in the standard k-ε model 
   constant in the standard k-ε model 
θ  angular coordinate, rad 
Ǐ  retreated angle 
n

  normal vector 
r

 vector position 
V

 velocity vector, m.s-1 
  stress tensor 
R  Reynolds tensor 
I  identity tensor 
  stress tensor of the structure 
exf

 exterior force 
Indices 
f fluid 
s structure 
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